Introduction
The retromer complex is a cytoplasmic coat complex in the endosome-to-Golgi retrieval pathway (Seaman, 2004; Arighi et al., 2004 ) that recognises hydrophobic motifs to sort proteins such as the cation-independent mannose-6-phosphate receptor (CI-MPR) and sortilin for retrieval to the Golgi (Seaman, 2007) . Retromer also mediates the trafficking of the Wntless protein, which is crucial for secretion of the morphogen Wnt (Eaton, 2008) . Retromer has also been implicated in regulating the localisation and processing of amyloid precursor protein (APP), establishing it as a key player in the pathogenesis of Alzheimer's disease (Small et al., 2005; Muhammad et al., 2008) .
Retromer is a heteropentamer that comprises two distinct subcomplexes (reviewed by Seaman, 2005) . The VPS35/29/26 complex forms a stable trimer that selects cargo for endosome-toGolgi retrieval (Collins et al., 2008; Nothwehr et al., 2000) . The other components of retromer, Snx1 and Snx2 in mammals and Vps5p and Vps17p in yeast are members of the sorting nexin family of proteins and bind to endosomal membranes through conserved p40 Phox homology (PX) domains that recognise phosphotidylinositol 3-phosphate (PtdIns3P) (Haft et al., 2000; Carlton et al., 2004; Rojas et al., 2007; Burda et al., 2002) . The sorting nexin components of retromer are believed to have a more structural role by tubulating the endosomal membrane through the Bin-amphiphysin-Rvs (BAR) domains present in their respective C-termini (Cullen, 2008) . A critical aspect to retromer function that remains to be fully understood is the recruitment of the cargo-selective VPS35/29/26 complex to the endosomal membrane, a process that will have a vital regulatory role in the interaction(s) between VPS35/29/26 and cargo proteins such as the CI-MPR and Wntless. Unlike the sorting nexins, the VPS35/29/26 complex does not possess any lipid binding domain(s) to mediate its recruitment which gives rise to the question: how is the cargo-selective VPS35/29/26 complex targeted and recruited to the endosomal membrane?
In this study, we have investigated the interaction between the cargo-selective VPS35/29/26 subcomplex and the small GTPase Rab7, and we report that the VPS35/29/26 complex is recruited to endosomal membranes in a Rab7-dependent manner. Loss of Rab7 expression results in the VPS35/29/26 complex redistributing to the cytoplasm and results in a defect in endosome-to-Golgi retrieval. The VPS35/29/26 complex fails to interact with a Rab7 mutant (K157N) that causes the neurodegenerative disorder, CharcotMarie-Tooth disease (type 2B) and is weakly membrane associated when the only Rab7 protein present is the K157N mutant. We additionally report that retromer interacts with an uncharacterised Rab-GAP, TBC1D5, which negatively regulates retromer recruitment and causes Rab7 to redistribute to the cytoplasm. (A) Cells stably expressing GFP-Rab7 were treated with nocodazole before fixation and labelling with antisera against VPS26. There is some colocalisation between VPS35/29/26 and GFP-Rab7 (indicated by arrows), which is enhanced by treatment with nocodazole. Scale bar: 20 μm. (B) Cells expressing GFP-tagged Rab5, Rab7, Rab9 or VPS29 were treated with nocodazole, lysed and then incubated with anti-GFP. After washing, the immunoprecipitated proteins were subjected to SDS-PAGE and western blotting with anti-VPS35 and anti-VPS26. VPS35/29/26 interacts substoichiometrically with GFP-Rab7 but not GFP-Rab5 or GFP-Rab9. (C) Cells expressing GFP-Rab5, GFP-Rab7 or GFP-Rab9 were treated with nocodazole, lysed and incubated with anti-GFP. The immunoprecipitated proteins were analysed by SDS-PAGE, silver staining and mass spectrometry. VPS35 and VPS26 were detected in the Rab7 lane along with Rab escort protein and GDI-2. (D) Cells expressing GFP-Rab7, GFP-Rab7Q67L or GFPRab7T22N were treated as above except that there was no incubation with nocodazole before lysis and immunoprecipitation with anti-GFP. VPS35 and VPS26 were detected in the GFP-Rab7 and GFP-Rab7Q67L lanes.
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In our previous studies we have shown that retromer colocalises with both Rab5 and Rab7 (Seaman, 2004) and there is compelling evidence from studies by Pfeffer and colleagues that Rab9 is required for endosome-to-Golgi retrieval of the CI-MPR (Riederer et al., 1994; Reddy et al., 2006) . Data from the amoeba, Entamoeba hystolytica have shown that the amoebic equivalent of Rab7 can interact with amoebic VPS35/29/26 (Nakada-Tsukui et al., 2005) . Therefore, in initial experiments, cells stably expressing GFP-Rab7 were analysed for colocalisation with retromer. There was colocalisation between VPS26 and GFP-Rab7, which was enhanced after treatment with the microtubule-depolymerising drug nocodazole (Fig. 1A) . To determine whether retromer interacts with Rab7, native immunoprecipitations were performed on cells stably expressing GFP-Rab5, GFP-Rab7, GFP-Rab9 or VPS29-GFP in the presence or absence of nocodazole. VPS35 and VPS26 coimmunoprecipitated with GFP-Rab7 but not with GFP-Rab5 or GFP-Rab9 (Fig. 1B ). VPS35 and VPS26 form a high-affinity complex with VPS29, with a stoichiometry of 1:1:1 (Collins et al., 2005; Hierro et al., 2007; Collins et al., 2008) and therefore VPS29-GFP serves as a positive control in this experiment. VPS35 and VPS26 strongly co-immunoprecipitated with VPS29-GFP whereas the interaction with GFP-Rab7 was substoichiometric.
The interaction between Rab7 and retromer was further investigated by scaling up the number of cells used and then analysing the results by SDS-PAGE. In Fig. 1C , four 140 mm dishes of cells expressing either GFP-Rab5, GFP-Rab7 or GFP-Rab9 were treated with nocodazole before lysis and incubation with anti-GFP covalently coupled to Sepharose. The bound proteins were eluted at low pH, precipitated and then subjected to SDS-PAGE followed by silver staining. VPS35 and VPS26 were detected by mass spectrometry (for details see supplementary material Table S1) in the sample from GFP-Rab7 cells, but were absent in the samples from GFP-Rab5 and GFP-Rab9 cells. Other proteins detected included Rab guanine dissociation inhibitor 1 (GDI1) and GDI2 and Rab escort protein-1 (REP1). Single point mutations in Rab proteins can be used to 'lock' the protein in an active GTP-bound, or inactive GDP-bound state. In another native immunoprecipitation experiment, cells stably expressing either GFP-Rab7, GFP-Rab7Q67L (GTP-locked) or GFPRab7T22N (GDP-locked) were lysed and incubated with anti-GFP coupled to Sepharose. The precipitated proteins were analysed by SDS-PAGE and mass spectrometry ( Fig. 1D ; supplementary material Table S1 ). VPS35 and VPS26 were detected in samples from GFPRab7 and GFP-Rab7Q67L cells but not GFP-Rab7T22N cells although the GFP-Rab7T22N mutant was poorly expressed relative to GFP-Rab7 and GFP-Rab7Q67L.
From the native immunoprecipitation data in Fig. 1C ,D it is apparent that VPS35/29/26 can interact with both GFP-Rab7 and the GTP-locked Q67L mutant. To determine where these interactions occur, cells expressing GFP-Rab7 or GFP-Rab7Q67L were examined using the higher resolving power of electron microscopy (EM). In our previous studies we have used a quick freeze-thaw technique to permeabilise cells, which are then accessible to antibody labelling before embedding in resin (Seaman, 2004) . Therefore, cells expressing GFP-Rab7 or GFP-Rab7Q67L were snap frozen, thawed, fixed and then labelled with antibodies against VPS26 and GFP followed by 5 nm and 10 nm colloidal gold labelled secondary antibodies before embedding in resin and sectioning for EM. Cells expressing GFP-Rab7 are shown in Fig. 2A -C, whereas GFP-Rab7Q67L cells are shown in Fig. 2D -F. To more easily distinguish the two sizes of colloidal gold particles, the 5 nm and 10 nm gold particles have been false coloured. Unaltered versions of the micrographs are in supplementary material Fig. S1 . In cells expressing both GFP-Rab7 and GFP-Rab7Q67L, there was significant colocalisation of VPS26 (5 nm gold particles, coloured blue) and GFP (10 nm gold particles, coloured yellow).
GDP-locked Rab7 inhibits VPS26 recruitment
If the VPS35/29/26 complex is able to interact with the wild type and GTP-locked Q67L mutant then what happens to the VPS35/29/26 complex in cells expressing the GDP-locked T22N mutant? This question was addressed firstly by investigating the localisation of VPS26 in cells stably expressing GFP-Rab7T22N. In Fig. 3A , cells expressing GFP-Rab7T22N were mixed with untransfected HeLa cells and then labelled with antibodies against either VPS26 or sorting nexin 1 (Snx1). Cells expressing the T22N mutant (Fig. 3A, asterisk) have significantly less punctate endosomal VPS26 (relative to untransfected cells) whereas the Snx1 labelling was unaffected. By measuring the fluorescence intensity of the VPS26 labelling within a perinuclear region of interest (ROI) in untransfected or cells expressing GFP-Rab7T22N, a decrease of 40% in fluorescence intensity of VPS26 labelling was observed in GFP-Rab7T22N cells (Fig. 3B) .
The data from Fig. 3A suggest that there is less membraneassociated VPS26 in cells expressing the GFP-Rab7T22N mutant. This was further investigated using an assay to quantitatively determine the amount of membrane-associated retromer. Cells were quick frozen and thawed to permeabilise them and then scraped up into buffer before centrifugation to pellet the cells and the internal membranes. Pellet (P) and supernatant (S) fractions were analysed for VPS35 and VPS26 by western blotting (see Fig. 3B ). The membrane proteins LAMP1 and CI-MPR were detected in the pellet fractions, indicating that permeabilisation does not cause leakage of membranes into the supernatant fraction. In most samples, VPS35 and VPS26 were predominantly membrane associated, unlike Snx1, which was detected in the cytosolic supernatant fraction, indicating that Snx1 membrane association is somewhat labile. In cells expressing the GFP-Rab7T22N mutant, there is a marked reduction of membrane-associated VPS35 and VPS26. The amount of VPS35 present in the pellet (membrane) and supernatant (cytosol) fractions was quantified by densitometry and is shown in Fig. 3C . In cells expressing GFP-Rab5, GFP-Rab7 or GFP-Rab7Q67L there was 70% of the VPS35 in the pelletable membrane fraction compared with <50% in the cells expressing GFP-Rab7T22N, even though there was relatively poor expression of the GFP-Rab7T22N construct compared with the other GFP-Rab constructs (see Fig.  3B ).
Mutations in Rab7 have been shown to cause a variant of the neurodegenerative disorder, Charcot-Marie-Tooth (CMT) disease. Four single amino acid Rab7 mutations have been described in patients with CMT type 2B; L129F, K157N, N161T and V162M (Verhoeven et al., 2003; Houlden et al., 2004; Meggouh et al., 2006) . To determine whether the CMT-causing mutations affect the interaction with between Rab7 and the VPS35/29/26 complex in vivo, we performed native immunoprecipitations from cells stably expressing GFP-tagged versions of the mutant Rab7 proteins (Fig.  4A ). VPS35 weakly co-immunoprecipitated with GFP-Rab7K157N, but interacted normally with the L129F and N161T mutants. The V162M mutant was poorly expressed and therefore it is not possible Journal of Cell Science 122 (14) The fluorescence intensity of the VPS26 labelling was quantified within a perinuclear region of interest (ROI). Cells expressing the GFP-Rab7T22N mutant had ~40% less intense VPS26 labelling. (C) Cells expressing GFP-Rab5, GFP-Rab7, GFP-Rab7T22N or GFP-Rab7Q67L were snap frozen to permeabilise them, washed and scraped into buffer before centrifugation to pellet the membranes. Pellet (P) and supernatant (S) samples were subjected to SDS-PAGE and analysed by western blotting. (D) The amount of VPS35 in the pellet (P) and supernatant (S) fractions from two western blots was quantified and the average is shown graphically expressed as a percentage of the total in the cell-line assayed. VPS35 is ~70% membrane associated except in cells expressing the Rab7T22N mutant where VPS35 is <50% membrane associated. Error bars represent s.e.m. (A) Cells stably expressing GFP-Rab5, GFP-Rab7, GFP-Rab7L129F, GFPRab7K157N, GFP-Rab7N161T and GFP-Rab7V162M were treated with nocodazole before lysis and incubation with anti-GFP antibody. After washing, the immunoprecipitated proteins were subjected to SDS-PAGE and analysed by western blotting. VPS35 did not co-immunoprecipitate with GFP-Rab5 but did co-immunoprecipitate with GFP-Rab7, GFP-Rab7L129F and GFPRab7N161T. VPS35 only weakly interacted with GFP-Rab7K157N. (B) The data from two experiments were quantified by densitometry (normalising to the respective GFP-Rab7 signal) and the average is shown graphically. Error bars represent s.e.m.
to draw any conclusions regarding its ability to interact with VPS35/29/26. Data from two native immunoprecipitation experiments were quantified and normalised to the expression of the respective GFP-Rab7 protein and the amount of VPS35 interacting with the respective GFP-Rab7 is shown in Fig. 4B .
VPS35/29/26 membrane association requires Rab7
What is the function of the VPS35/29/26-Rab7 interaction? This question was addressed using siRNA to knock down Rab7 expression. As an additional control, siRNA was used to knock down Rab9. In Fig. 5A , cell lysates from control, Rab7, Rab9, VPS26 or VPS35 knockdowns are shown confirming that treatment with the respective siRNA was able to ablate expression of the target gene. It is worth noting that loss of VPS26 causes VPS35 to be unstable and vice-versa, whereas loss of Rab7 or Rab9 did not significantly affect levels of the VPS35 or VPS26 proteins. When the siRNAknockdown cells were analysed by fluorescence microscopy it was observed that VPS26 localisation was severely perturbed in the Rab7-knockdown cells but not in the Rab9-knockdown cells (Fig.  5B ). Snx1 localisation was affected in Rab7-knockdown cells, but not as dramatically as VPS26 localisation. Loss of Rab7 expression appeared to redistribute VPS26 into the cytoplasm. To quantitatively examine the membrane association of VPS35 and VPS26 after loss of Rab7 expression, cells treated with siRNA to knock down Rab7 or Rab9 were then subjected to the quick freeze-thaw protocol to assay for membrane-associated or cytoplasmic VPS35 and VPS26. In Fig. 5C , pellet (P) and supernatant (S) samples were western blotted for VPS35, VPS26, Rab7, Rab9 and the CI-MPR. Loss of Rab7 expression resulted in a significant shift of both VPS35 and VPS26 into the supernatant fraction, consistent with a redistribution of these proteins into the cytoplasm. Rab9 knockdown had little effect, and the effect of the loss of endogenous Rab7 can be rescued by expression of the GFP-tagged Rab7 from mouse, which was resistant to the siRNA targeting human Rab7 in the HeLa cells used in this study. The data from two western blots was quantified and is shown in Fig. 5D . The amount of membrane associated VPS35 and VPS26 was determined quantitatively using the same assay in Fig. 3B . Loss of Rab7 expression results in a notable shift of VPS35 and VPS26 into the cytosolic fraction. The effect is rescued by expression of GFP-Rab7. (D) The amount of VPS35 in the pellet (P) and supernatant (S) fractions from two western blots was quantified and the average is shown graphically expressed as a percentage of the total in the cell line assayed. 70-80% of VPS35 is membrane associated, except in cells treated with siRNA to silence Rab7 expression, where <50% of VPS35 is membrane associated. Error bars represent s.e.m. The ability of the GFP-Rab7 to rescue the VPS26-redistribution phenotype observed in Rab7-knockdown cells was further explored by fluorescence microscopy. Cells expressing GFP-Rab7 or a GFPtagged endosomal membrane protein, Slc11a2 (Lam-Yuk-Tseung and Gros, 2006), were labelled with antibodies against VPS26 (Fig.  6A , left panels). Slc11a2-GFP was used as a control in this experiment because it is localised to endosomes, GFP-tagged and expressed from the same vector as GFP-Rab7. Using siRNA, Rab7 expression in GFP-Rab7 or cells expressing Slc11a2-GFP was ablated. As shown in Fig. 6A (right hand panels), VPS26 localisation was normal in cells expressing GFP-Rab7, but was redistributed to the cytoplasm in cells expressing Slc11a2. This confirms that GFPRab7 can rescue the loss of endogenous Rab7 and that the rescue is specific to GFP-Rab7 because Slc11a2-GFP did not rescue loss of Rab7. In Fig. 6B , lysates from control and knockdown cells were analysed to confirm that treatment with the Rab7 siRNA did ablate Rab7 expression.
As the GFP-Rab7 was able to rescue the VPS26-redistribution phenotype, we next examined whether the CMT Rab7 mutants could also rescue VPS26 redistribution after loss of endogenous Rab7. Lysates from cells expressing GFP-Rab7L129F, K157N or N161T were western blotted for Rab7 after Rab7 knockdown (Fig. 6B ) and the localisation of VPS26 in cells where the only Rab7 is a mutant Rab7 was determined by immunofluorescence (Fig. 6C) . VPS26 appeared to be membrane associated after loss of Rab7, even in cells expressing the Rab7K157N mutant that weakly coimmunoprecipitates with VPS35 (see Fig. 4 ), although there are qualitative differences between the VPS26-labelled structures in the GFP-Rab7K157N cells and the other two mutants, and relatively little colocalisation between the GFP-Rab7K157N mutant and VPS26, although colocalisation was observed between VPS26 and GFP-Rab7L129F and GFP-Rab7N161T (indicated by arrows in Fig.  4) .
When the amount of membrane-associated VPS26 and VPS35 was measured using the centrifugation assay, it was observed that although GFP-Rab7 could rescue the loss of endogenous Rab7, the GFP-Rab7K157N did not rescue VPS35 and VPS26 membrane association indicating that VPS35 and VPS26 are more prone to dissociating from the membrane when the only Rab7 present is the K157N mutant (Fig. 6D,E) . Furthermore, when cells expressing GFP-Rab7 or GFP-Rab7K157N were treated with siRNA to knock down endogenous Rab7 and then analysed by EM, it was observed that there was colocalisation between the GFP-Rab7 (Fig. 6F ,G, yellow) and VPS26 (Fig. 6F ,G, blue), but there was relatively little Fig. 7 . Loss of Rab7 expression causes an endosome-to-Golgi retrieval defect. (A) Cells expressing the CD8-CIMPR reporter protein were treated with siRNA to knock down Rab7, Rab9 or VPS35. The cells were incubated with anti-CD8 at 4°C and then warmed to 32°C for 24 minutes before fixation and labelling with anti-TGN46 followed by appropriate fluorescent secondary antibodies. Loss of Rab7 expression results in a partial block in endosome-to-Golgi retrieval. Scale bar: 20 μm. (B) The microscopy-based endosome-to-Golgi retrieval assay was quantified by determining the extent of colocalisation of between endocytosed anti-CD8 and TGN46 relative to the total anti-CD8 fluorescence. The efficiency of endosome-to-Golgi retrieval in the knockdown cells is expressed relative to the control cells. Fig. 8 . Identification of a novel retromerinteracting protein, TBC1D5. (A) Cells expressing either Hrs-1-GFP or VPS29-GFP were washed, lysed and then incubated with anti-GFP and protein-A-Sepharose to immunoprecipitate the respective GFP-tagged protein. After washing, the proteins were eluted at low pH, acetone precipitated, and subjected to SDS-PAGE and mass spectrometry. (B) GFP-tagged TBC1D5 was transiently transfected into HeLa cells along with empty vector and the truncation of TBC1D5 that lacks the TBC domain. 24 hours after transfection, the cells were lysed and immunoprecipitated with anti-GFP and analysed by western blotting. VPS35 and VPS26 co-immunoprecipitated with GFP-TBC1D5 but not GFP alone or the ΔTBC domain construct.
membrane-associated VPS26 present in the GFP-Rab7K157N mutant, and almost no colocalisation was observed (Fig. 6H,I ). Gold particles were counted in six micrographs from cells expressing GFP-Rab7 and GFP-Rab7K157N, and the data are shown in Fig.  6J . In the cells expressing GFP-Rab7K157N, only thirty-two 5 nm gold particles (anti-VPS26) were counted whereas in the cells expressing GFP-Rab7, seventy-one 5 nm gold particles were counted.
Loss of Rab7 results in VPS26 and VPS35 becoming cytoplasmic and would therefore be expected to reduce the efficiency of endosome-to-Golgi retrieval. Cells expressing a CD8-CIMPR reporter protein were treated with siRNA to knock down either Rab7, Rab9 or VPS35 and then analysed for endosome-to-Golgi retrieval efficiency (Fig. 7A) , using an antibody-uptake assay we have used previously (Seaman, 2004; Seaman, 2007; Gokool et al., 2007) . Loss of Rab7 results in an endosome-to-Golgi retrieval defect although the effect is less striking than the loss of Rab9 or VPS35. When the assay was quantified by determining how much endocytosed anti-CD8 colocalises with TGN46, a marker protein for the TGN, loss of Rab7 resulted in ~25% defect whereas Rab9 ablation caused a ~50% defect (Fig. 7B) . Knockdown of VPS35 produced an effect intermediate to that seen with knockdown of Rab7 or Rab9.
The Rab-GAP protein TBC1D5 interacts with the VPS35/29/26 complex
The data shown so far is consistent with Rab7 performing a regulatory role in the recruitment of VPS35/29/26 to the membrane.
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Fig. 9. Expression of TBC1D5 negatively regulates VPS26 recruitment. (A) Cells transiently transfected with GFP-TBC1D5
were fixed and labelled with anti-VPS26 antibodies. GFP-TBC1D5 is predominately cytosolic but colocalisation with VPS26 can be observed occasionally (see inset box). Scale bar: 20 μm. (B) Cells were transiently transfected with GFP-TBC1D5, the ΔTBC domain construct or GFP alone. After fixation, cells were labelled with antibodies against VPS26 or Snx1. Overexpression of TBC1D5 results in reduced VPS26 labelling but has no effect on Snx1 localisation. The ΔTBC domain or GFP alone had no effect. Scale bar: 20 μm. (C) Cells expressing GFPRab5, GFP-Rab7, GFP-Rab9 or GFPRab7Q67L were transiently transfected with red fluorescent protein (RFP)-TBC1D5, fixed and then labelled with anti-VPS26 antisera. Overexpression of TBC1D5 can redistribute GFP-Rab7 into the cytoplasm but does not affect GFP-Rab5, GFP-Rab9 or the Rab7Q67L mutant. Scale bar: 20 μm.
Could retromer be interacting with other factors to regulate its recruitment? To address this question, a native immunoprecipitation was performed on cells expressing VPS29-GFP. Cells expressing VPS29-GFP were lysed and treated with anti-GFP (Fig. 8A) . Cells expressing a GFP-tagged construct of the ESCRT complex protein Hrs-1 were used as a control because Hrs-1 is endosomally localised similarly to VPS29 (Bache et al., 2003) . After the GFP-tagged proteins were immunoprecipitated, the samples were subjected to SDS-PAGE and mass spectrometry. The detailed results of mass spectrometry are shown in supplementary material Table S2 . One protein that was identified in the VPS29-GFP lane was of significant interest, namely TBC1D5. The TBC family of proteins function as Rab-GAPs and regulate Rab activity by stimulating GTP hydrolysis (Pan et al., 2006) . A GFP-TBC1D5 construct was generated and then transiently transfected into HeLa cells before lysis. Anti-GFP was used to immunoprecipitate the lysates. The GFP-TBC1D5 construct was able to immunoprecipitate both VPS26 and VPS35 (Fig. 8B) , confirming the interaction observed in Fig. 8A . Empty vector does not co-immunoprecipitate any retromer proteins and neither does a truncated version of GFP-TBC1D5 that is missing the TBC domain, although this construct was poorly expressed compared with full-length GFP-TBC1D5.
When the GFP-TBC1D5 was transiently transfected into HeLa cells, it was observed that the protein was mainly cytoplasmic but some modest colocalisation with VPS26 was also observed (Fig.  9B ). More strikingly, cells expressing the GFP-TBC1D5 protein demonstrated significantly less membrane-associated VPS26, but Snx1 was unaffected (Fig. 9B ). This is an identical effect to that observed in cells expressing the dominant negative GFP-Rab7T22N mutant (see Fig. 2A ). The GFP-TBC1D5 ΔTBC domain did not produce the same effect and neither did empty vector that expressed GFP alone.
If the overexpression of TBC1D5 was causing VPS26 to dissociate from the membrane, was it affecting the membrane association of Rab7? This question was investigated by transfection of a red fluorescent protein (RFP)-TBC1D5 construct. Cells stably expressing either GFP-Rab5, GFP-Rab7, GFP-Rab9 or GFP-Rab7Q67L were transiently transfected with RFP-TBC1D5 and then analysed by fluorescence microscopy (Fig. 9C) . The RFP-TBC1D5 expression resulted in VPS26 labelling becoming weak and diffuse but did not alter the localisation of GFP-Rab5 or GFP-Rab9. We did, however, observe an effect of RFP-TBC1D5 on the localisation of GFP-Rab7, which no longer appeared to be associated with punctate structures. The GFPRab7Q67L mutant, which is GTP-locked because of a mutation in the critical glutamine residue required for GAP-stimulated GTP hydrolysis (Pan et al., 2006) , appeared to be resistant to the effects of the RFP-TBC1D5, and it remained associated with the punctate structures observed in both transfected and adjacent nontransfected cells. Transient expression of RFP-TBC1D5 in cells expressing VPS29-GFP resulted in reduced labelling of VPS29-GFP and VPS26 whereas in Hrs-1-GFP-expressing cells, VPS26 membrane association was reduced, but the Hrs-1-GFP labelling was unchanged, indicating that the RFP-TBC1D5 exerted its effects on VPS35/29/26 and not on Hrs-1, another endosomal protein (supplementary material Fig. S3 ).
Discussion
In this study, we investigated the functional significance of the interaction between the cargo-selective retromer complex (VPS35/29/26) and the small GTPase Rab7. We show that VPS35/29/26 interacts with Rab7 but not with Rab5 or Rab9. The interaction between VPS35/29/26 and Rab7 is substoichiometric, which is consistent with a transient and/or dynamic interaction. Mass spectrometric analysis of the large-scale native immunoprecipitations confirmed that the VPS35/29/26 complex interacts with Rab7 and also indicated that the interaction is likely to be direct, because the only other proteins that were detected in the GFP-Rab7 immunoprecipitation lane were Rab escort protein-1 and GDI-1 and GDI-2, both of which are involved in maintaining the cytosolic Rab7 in a soluble form (Goody et al., 2005) . We did not observe a band corresponding to VPS29 in the native immunoprecipitation samples, possibly because the silver stain used to visualise the bands does not stain the VPS29 protein. Attempts to investigate the interaction between Rab7 and VPS35/29/26 using the yeast two-hybrid system were unsuccessful, possibly because Rab7 interacts with the assembled VPS35/29/26 trimer and therefore the interaction cannot be reproduced using systems that measure interactions between individual proteins.
Cells expressing the GDP-locked Rab7T22N mutant demonstrated ~40% reduced intensity of the VPS26 labelling compared with untransfected cells, but the labelling of Snx1 was unaffected. Likewise, when Rab7 expression was ablated using siRNA, the VPS26 labelling was dramatically altered, and appeared to be cytoplasmic and diffuse. Rather than relying solely on immunofluorescence data to determine the extent of the membrane association of VPS35/29/26, we developed a simple assay to measure the amount of membrane-associated VPS35 and VPS26. This assay indicated that in untransfected cells or cells stably expressing GFP-Rab5, GFP-Rab7 or GFP-Rab7Q67L, VPS35 and VPS26 are ~70-80% membrane associated. This value corresponds well with the amount of membrane-associated Vps35p and Vps26p in yeast (Reddy and Seaman, 2001 ). In cells expressing the Rab7T22N mutant, or cells in which Rab7 expression had been lost, there was a shift of VPS26 and VPS35 into the cytosolic fraction, consistent with the reduction in VPS26 fluorescence intensity observed.
Loss of Rab7 does not, however, result in a total shift of VPS26 and VPS35 into the cytosolic fraction and does not cause a total block in endosome-to-Golgi retrieval. This suggests that loss of Rab7 leads to the VPS35/29/26 complex becoming less stably associated with the membrane, but still able to recruit to the membrane to sort cargo, albeit inefficiently.
The disease-causing K157N mutant does not interact with VPS35/29/26 in native immunoprecipitations, but can rescue the loss of Rab7 when the membrane association of VPS26 is examined by immunofluorescence. However, in cells where the only Rab7 present is the K157N mutant, VPS26 and VPS35 are weakly membrane associated and become cytosolic when the cells are permeabilised. This is the first report of a significant loss of function for the CMT Rab7K157N mutant, and hints that the underlying cause of the neuronal degeneration in patients with this version of CMT might be linked to the role of retromer in regulating endosomal membrane protein sorting. As the Rab7K157N mutant is an autosomal dominant mutation, there will still be wild-type Rab7 present in CMT patients carrying the K157N mutation, so perhaps the presence of the K157N mutation affects the kinetics of VPS35/29/26 recruitment leading to reduced efficiency of endosomal protein sorting, which could be deleterious in the very long axons that are affected in CMT patients.
How does Rab7 regulate VPS35/29/26 recruitment? The data presented here are consistent with the hypothesis that Rab7 can catalyse the recruitment of VPS35/29/26 to endosomal membranes. The interaction between the cargo-selective retromer sub-complex and Rab7 might contribute to the targeting and recruitment of VPS35/29/26 to endosomal membranes but it seems likely that additional interactions help to stabilise the membrane association of the VPS35/29/26 complex. These interactions could be with cargo proteins such as the CI-MPR or a SNARE protein or with proteins such as the sorting nexins (e.g. Snx1 and Snx2) that are important components in the endosome-to-Golgi pathway (Carlton et al., 2004; Rojas et al., 2007) . Alternatively, the additional interactions could be with the membrane itself. One way in which Rab7 could catalyse VPS35/29/26 recruitment is through lipid modifying enzymes. Rab7 interacts with PtdIns 3-kinase, which is required for the membrane recruitment of Snx1 via the PtdIns3P-binding PX domain present in Snx1 (Stein et al., 2003) . In our experiments, treatment with wortmannin to inhibit PtdIns 3-kinase activity causes Snx1 to dissociate from the membrane but does not abolish the membrane association of VPS26 (supplementary material Fig. S4 ). This suggests that PtdIns 3-kinase activity is not essential for VPS26 recruitment.
Whilst this manuscript was in preparation, Bonifacino and colleagues published their own observations that Rab7 interacts with retromer to regulate the recruitment of retromer to the endosomal membrane (Rojas et al., 2008) . Our data is in broad agreement with theirs, except that we do not find that loss of Rab7 expression results in all VPS35/29/26 becoming cytosolic and that loss of Rab7 does not cause a complete block in endosome-to-Golgi retrieval as they report. As the report from Rojas and colleagues did not quantify either the membrane association of retromer or the endosome-toGolgi retrieval defect after loss of Rab7, it is possible that the discrepancies are simply due to their lack of quantitative data.
Rab7 has traditionally been viewed as a marker for 'late' endosomes (Zerial and McBride, 2001 ) and yet retromer has been shown to localise to Rab5-positive 'early' endosomes (Seaman, 2004; Popoff et al., 2007) . This apparent contradiction can be resolved if the endocytic system is viewed as a continuum of maturing organelles rather than only 'early' and 'late' endosomes (Bonifacino and Rojas, 2006) . This view of endosomal membrane dynamics is consistent with observations that Rab5 and Rab7 can co-exist on the same population of endosomal membranes (Rink et al., 2005) . It is on such Rab5-or Rab7-positive membranes where we would predict that the bulk of retromer is localised and from where endosome-to-Golgi retrieval will occur.
We did not detect any interaction between VPS35/29/26 and Rab9, although it is well established that Rab9 has a prominent role in endosome-to-Golgi retrieval (Reiderer et al., 1994) . This might be because Rab9 functions downstream of retromer or because Rab9 acts in a parallel pathway. Further work is required to elucidate the relationship between retromer and Rab9.
In addition to Rab7 interacting with VPS35/29/26, we have identified another retromer-interacting protein by native immunoprecipitation and mass spectrometry. The TBC-domaincontaining protein, TBC1D5, co-immunoprecipitates with VPS29-GFP, but not with GFP-tagged Hrs-1. Interestingly, a genome-wide protein-protein interaction study in Drosophila has reported an interaction between fly VPS29 (CG4764) and the fly homologue of TBC1D5 (namely CG8449) (Giot et al., 2003) . Overexpression of GFP-TBC1D5 results in VPS26 being displaced from the membrane in a similar fashion to the expression of GFP-Rab7T22N. When the effect of TBC1D5 overexpression on the GFP-labelled Rab proteins was investigated, it was observed that GFP-Rab5 and Rab9 were unaffected by TBC1D5 but GFP-Rab7 appeared displaced from the membrane. The membrane association of the Q67L Rab7 was unaffected by expression of TBC1D5.
These data indicate the TBC1D5 could act as a GAP for Rab7, although we cannot rule out the possibility that the effect we observed of TBC1D5 overexpression upon Rab7 localisation could be due to indirect effects. However, in agreement with our data, the homologue of TBC1D5 in the nematode Caenorhabditis elegans (encoded by the RBG-3 gene) has been shown to act as a GAP with a strong preference for nematode Rab7 (Mukhopadhyay et al., 2007) . In summary, we propose a model for the recruitment of the cargo-selective retromer complex in which Rab7 'primes' the membrane to promote VPS35/29/26 recruitment to sort cargo such as the CI-MPR. As VPS35/29/26 is recruited to the membrane, the Rab-GAP TBC1D5 is also recruited, which can then trigger the release of Rab7 and VPS35/29/26 from the membrane. The in vivo action of TBC1D5 on Rab7 might be strictly limited to sites where VPS35/29/26 is present, thereby allowing Rab7 to regulate fusion of endosomes with lysosomes at other sites within the endocytic pathway. This means that retromer is similar to other vesicle coat complexes, such as COPII and coatomer/COPI, in that it interacts with a GAP that serves to downregulate the membrane association of the respective vesicle coat, thereby generating a regulatory feedback loop that underlies the dynamic nature of coat-membrane interactions.
Materials and Methods
General reagents
Biochemicals were purchased from Sigma (Poole, UK). Molecular biology reagents were purchased from New England Biolabs (Hitchin, UK). 
Antibodies
Anti-VPS26 and anti-VPS35 antisera have been described previously (Seaman, 2004) . Snx1 was detected using either polyclonal antisera described previously (Seaman, 2004) or a monoclonal antibody purchased from BD BioScience (Oxford, UK). Polyclonal antisera against Rab9, TGN46 and GFP were raised in rabbits using GSTfusion proteins as antigens. All polyclonal antisera were affinity purified before use. Monoclonal anti-Rab7 was purchased from Sigma, as was the monoclonal anti-GFP used for electron microscopy. The monoclonal anti-CD8 was produced from a hybridoma cell line obtained from the ATCC and is described elsewhere (Seaman, 2007) .
Molecular biology and other standard procedures
GFP-Rab constructs have been described previously (Seaman, 2004) . These constructs were subcloned into pIRESneo2 (Clontech, Paisley, UK) and stable cells lines expressing the various GFP-Rab constructs were generated. Mutations in the Rab7 cDNA were produced using the QuikChange kit (Stratagene, La Jolla, CA) following manufacturer's instructions. The cDNA for TBC1D5 (KIAA0210) was obtained from the Kazusa Human cDNA project (Japan) and was amplified by PCR to add a BamHI site at the 5Ј end and a SalI site at the 3Ј prime end so that the PCR products could be cloned into pEGFP C1 vector (Clontech). The TBC domain was excised from the GFP-TBC1D5 construct by digestion with PstI and religation. The GFP-tagged Slc11a2 construct was provided by Jennie Blackwell (CIMR, Cambridge, UK) and is described by Eichner-Techau et al. (Eichner-Techau et al., 2007) . It was subcloned into pIRESneo2 (Clontech), transfected in HeLa cells and stably expressing cells were selected using G418.
DNA transfections were performed using Effectene (Qiagen, Crawley, UK) following the manufacturer's instructions. Small interfering (si) RNA transfections were performed as previously described (Seaman, 2004) . Immunofluorescence, SDS-PAGE and western blotting were, respectively, performed as previously described (Seaman, 2004; Reddy and Seaman, 2001 ). Endosome-to-Golgi retrieval assay using CD8-CIMPR cells and anti-CD8 was performed and quantified as described (Gokool et al, 2007) .
Fluorescence microscopy
Immunofluorescence microscopy was performed using a Zeiss Axioplan epifluorescence microscope with a Zeiss plan-apochromat 63ϫ oil-immersion lens at room temperature. The images were obtained using a Princeton Instruments CCD Journal of Cell Science 122 (14) camera, which was controlled via Scanalytics IP labs software. Images were cropped using Adobe Photoshop software. Fluorescence intensity was measured using the Scanalytics IP lab software. The efficiency of endosome-to-Golgi retrieval was determined by using the Scanalytics IP lab software to measure the number of anti-CD8 pixels that were coincident with TGN46 and the total number of anti-CD8 pixels for the respective cell. The TGN46 coincident pixels divided by the total pixels provides a measurement of the extent of retrieval. A minimum of ten cells was quantified and a mean value for endosome-to-Golgi obtained. This value in control cells was assigned an arbitrary value of 100% and the value in the respective KD cells is expressed as a ratio of the control.
Electron microscopy
The pre-embedding labelling procedure used was essentially as described (Seaman, 2004) with some minor modifications. The cells were washed in PBS, snap frozen using liquid nitrogen and then thawed rapidly on the bench. The cells were then washed with 1 ml PBS before fixation with 4% paraformaldehyde in PBS. After fixation, the cells were blocked with 3% BSA in PBS and labelled with rabbit antibodies against VPS26 and mouse anti-GFP. 5 nm anti-rabbit colloidal gold and 10 nm anti-mouse colloidal gold was used to detect the primary antibodies.
Assay to measure membrane-associated VPS26 and VPS35
Cells grown in tissue culture dishes (either 90 mm or 60 mm) were washed with PBS and allowed to drain on ice. After removal of the remaining PBS, the cells were snap frozen using liquid nitrogen and then thawed on the bench. Either 1 ml or 0.5 ml (for 90 mm or 60 mm dishes, respectively) of buffer (0.1 M Mes-NaOH pH 6.5, 1 mM magnesium acetate, 0.5 mM EGTA, 200 μM sodium orthovanadate and 0.2 M sucrose) was added to each dish and the cells were scraped off and transferred into a 1.5 ml tube on ice. The cells were then centrifuged at 10,000 ϫ g for 5 minutes and the supernatant (which contained cytosolic proteins) was transferred to a fresh tube. The pellet was then solubilised in 1 ml or 0.5 ml (for 90 mm or 60 mm dishes, respectively) of lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS) before centrifugation at 10,000 ϫ g for 5 minutes. The supernatant from the second spin now contained membrane and membrane-associated proteins. Equal volumes of the pellet (membrane) and supernatant (cytosol) fractions were subjected to SDS-PAGE and then transferred to nitrocellulose for western blotting.
Native immunoprecipitation
Native immunoprecipitations were performed essentially the same as previously described (Seaman, 2007; Gokool et al., 2007) . The native immunoprecipitation in which TBC1D5 was identified as a retromer-interacting protein was performed in an identical fashion, except that the lysis buffer used was PBS with 1% Triton X-100.
Mass spectrometry
Proteins were identified by standard techniques of mass fingerprinting and fragmentation of peptide mixtures generated by in-gel trypsin digestion. Briefly, gel bands were excised and digested with trypsin according to a published method (Shevchenko et al., 1996) . Samples of tryptic peptide mixtures were mixed with α-cyano-4-hydroxy-transcinnamic acid matrix and analysed with an ABI 4700 Proteomics Analyser with TOFTOF optics (Applied Biosystems). For peptide mass fingerprints, mass calibration was performed with features internal to the spectrum, specifically the matrix-related ion peak at 1060.048 m/z and the trypsin autolysis peaks at 2163.057 m/z and 2273.160 m/z. For peptide fragment specta, an external mass calibration was generated from the 2163.057 m/z trypsin autolysis peak, using the y10, y14 and y16 fragmentions, and applied to sample spectra. Interpretation was performed by the Mascot sequence database search engine (http://www.matrixscience.com) configured with the gel-derived variable modifications propionamide cysteine and methionine sulfoxide. The NCBI nonredundant (nr) database version as of 11/11/2005 (3023944 sequences; 1040428944 residues) was used as a data set. 
